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Abstract

The C4 grass Zea mays (maize or corn) is the third most important food crop globally in

terms of production and demand is predicted to increase 45% from 1997 to 2020.

However, the effects of rising [CO2] upon C4 plants, and Z. mays specifically, are not

sufficiently understood to allow accurate predictions of future crop production. A

rainfed, field experiment utilizing free-air concentration enrichment (FACE) technology

in the primary area of global corn production (US Corn Belt) was undertaken to

determine the effects of elevated [CO2] on corn. FACE technology allows experimental

treatments to be imposed upon a complete soil–plant–atmosphere continuum with none

of the effects of experimental enclosures on plant microclimate. Crop performance was

compared at ambient [CO2] (354 lmolmol�1) and the elevated [CO2] (549 lmolmol�1)

predicted for 2050. Previous laboratory studies suggest that under favorable growing

conditions C4 photosynthesis is not typically enhanced by elevated [CO2]. However,

stomatal conductance and transpiration are decreased, which can indirectly increase

photosynthesis in dry climates. Given the deep soils and relatively high rainfall of the

US Corn Belt, it was predicted that photosynthesis would not be enhanced by elevated

[CO2]. The diurnal course of gas exchange of upper canopy leaves was measured in situ
across the growing season of 2002. Contrary to the prediction, growth at elevated [CO2]

significantly increased leaf photosynthetic CO2 uptake rate (A) by up to 41%, and 10% on

average. Greater A was associated with greater intercellular [CO2], lower stomatal

conductance and lower transpiration. Summer rainfall during 2002 was very close to the

50-year average for this site, indicating that the year was not atypical or a drought year.

The results call for a reassessment of the established view that C4 photosynthesis is

insensitive to elevated [CO2] under favorable growing conditions and that the

production potential of corn in the US Corn Belt will not be affected by the global

rise in [CO2].
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Introduction

Atmospheric [CO2] is predicted to increase to

�550mmolmol�1 by 2050, and probably exceed

700 mmolmol�1 by the end of this century (Houghton

et al., 2001). The C4 grass Zea mays L. (maize or corn) is

the third most important food crop globally in terms of

production and demand is predicted to increase 45%

from 1997 to 2020 (Young & Long, 2000; Rosegrant et al.,

2001). Therefore, any effects of elevated [CO2] on crop

productivity will have significant economic and social

consequences. Nonetheless, the effects of elevated

[CO2] upon C4 plants, and Z. mays specifically, are not

sufficiently understood to allow accurate predictions of

future crop production or to allow varietal selection for
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productivity in a changing climate (Wang & Erda, 1996;

Young & Long, 2000). In particular, there are currently

no experimental data on the response of Z. mays to

growth at elevated [CO2] under standard agricultural

practice in the field. These are necessary to validate the

predictions of models currently used to predict crop

yields and global food security for the middle of this

century (e.g. Brown & Rosenberg, 1999; Alexandrov &

Hoogenboom, 2000).

Theoretically, increasing atmospheric [CO2] will have

little direct effect on photosynthesis in C4 plants due to

the dicarboxylate cycle, which maintains [CO2] of

around 10–20 times that of the current atmosphere at

the active site of Rubisco in the bundle sheath cells

(Furbank et al., 1989; Jenkins et al., 1989). However,

there is an inconsistency between experimental studies

observing no response (e.g. Hocking & Meyer, 1991;

Ziska et al., 1991) and others describing significant

effects upon photosynthesis and growth at elevated

[CO2] (Knapp et al., 1993; Amthor et al., 1994; Poorter

et al., 1996; Wand et al., 1999; Anderson et al., 2001).

Greater photosynthesis of C4 plants at elevated [CO2]

has been variously attributed to a range of processes

including: (1) direct effects on Rubisco CO2 saturation

(Wong, 1979; Watling & Press, 1997; Ziska & Bunce,

1997); (2) bundle sheath leakiness (Saliendra et al., 1996;

Watling et al., 2000); (3) direct CO2 fixation in the bundle

sheath (Moore et al., 1986); (4) C3-like photosynthesis in

immature C4 leaves (Dai et al., 1995; Ziska et al., 1999);

as well as (5) lower stomatal conductance under

elevated [CO2] leading to conservation of water

resources and improved plant water status (Samara-

koon & Gifford, 1996; Ghannoum et al., 2000; Wall et al.,

2001). Improved water status at elevated [CO2] appears

to be the basis of the greatest observed enhancements in

C4 photosynthesis and growth, but requires that water

availability and/or evaporative demand be limiting

under ambient [CO2] (Seneweera et al., 1998; Ghan-

noum et al., 2000). For instance, in enclosure studies

50% greater growth of Z. mays was observed when

plants were drought stressed, compared with no CO2

effect under high water availability (Samarakoon &

Gifford, 1996). The response of Z. mays to elevated

[CO2] is therefore likely to vary among the major areas

of production across temperate and tropical climatic

zones (Sage & Kubien, 2003).

This study aimed to determine the effect of free-air

concentration enrichment (FACE) of [CO2] upon leaf

gas exchange of field grown Z. mays under standard

agricultural practice in Central Illinois, USA. FACE

technology allows experimental treatments to be

imposed upon a complete soil–plant–atmosphere con-

tinuum with none of the effects of experimental

enclosures on plant microclimate (Hendrey et al., 1993;

McLeod & Long, 1999). The Midwest Corn Belt of the

USA, where growing conditions are very favorable

(mean summer monthly rainfall of 95mm), accounts for

20% of global production of Z. mays. A rainfed, field

experiment utilizing FACE technology in the primary

area of global Z. mays production provides a unique

opportunity to determine the effects of elevated [CO2]

on Z. mays, with direct relevance to future agricultural

practice and productivity.

Given the relatively high rainfall of Central Illinois

and the absence of irrigation in typical agricultural

practice of the region, Z. mays probably grows under

sufficient water availability in a ‘nondrought’ year.

Therefore, it was predicted that growth at elevated

[CO2] would not increase leaf photosynthesis. This

paper reports the diurnal course of leaf level gas

exchange of Z. mays grown under ambient and elevated

[CO2] at five stages of ontogenetic development.

Variation in photosynthetic carbon gain over the

growing season is discussed in relation to microme-

teorological conditions and leaf physiology. Finally, to

elucidate what the response of Z. mays may be in a

‘typical’ year the experimental conditions in 2002 are

related to local long-term patterns of rainfall.

Materials and methods

Field site, cultivation and FACE system

The study was conducted at the SOYbean FACE

(SoyFACE) facility in Champaign, IL, USA (401020N,

881140W, 228m above sea level; http://www.soyface.

uiuc.edu). The SoyFACE facility is situated on 32ha of

Illinois farmland. Z. mays and Glycine max are each

planted over 16ha. The crops are rotated between the

eastern and western halves of the field on a yearly basis.

The very deep Flanagan/Drummer soil series is typical

of northern and central Illinois wet, dark-colored

‘prairie soils’ (fine silty, mixed, mesic Typic Endoaquoll).

It is an organically rich, highly productive Corn Belt

soil. The field is tile-drained and has been in continuous

cultivation to arable crops for over 100 years.

In 2002, Z. mays was planted on the western half of

the field (Fig. 1). Cultural practices were typical for this

region of Illinois. The Z. mays crop received

202 kgNha�1 (157 kgha�1 as 28% 1 : 1 urea : ammonium

nitrate liquid preplant and 45 kg ha�1 credit from

previous soybean N2 fixation). Z. mays cv 34B43

(Pioneer Hi-Bred International, Des Moines, IA, USA)

was planted on May 30 at a row spacing of 0.76m (seed

density 74 100 ha�1). Emergence was on June 4 and final

harvest on October 10. To control for topographic

(o1m) and soil variation, the half of the field planted to

Z. mayswas divided into four experimental blocks, each
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containing two 20-m diameter circular plots (Fig. 1).

One plot in each block was maintained at current

ambient [CO2] of 354 mmolmol�1. The second plot in

each block was fumigated during daylight hours, from

crop planting until harvest, to an elevated [CO2] of

549 mmolmol�1 using a FACE system (Miglietta et al.,

2001). Briefly, this system consisted of a ring of

horizontal pipes, which release CO2 into the wind on

the upwind side of the plot through submillimeter laser

drilled holes along the pipe. The position and rate of

release is governed by wind direction and wind speed,

which is continually measured in each plot. Actual CO2

concentration is measured and the signal used to

continuously adjust rate of release. The pipes were

placed at 10 cm above the height of the crop, and were

raised weekly to keep pace with growth. When the crop

exceeded 1.5m a second set of pipes were added

midway between the top of the crop and the ground, to

ensure enrichment through the canopy. The same

structure of pipes surrounded the control plots, but

no CO2 was added. Each plot was separated by 100m

to avoid cross-contamination. The target elevated [CO2]

was 550 mmolmol�1, as projected for the year 2050 by

the Intergovernmental Panel on Climate Change

(Houghton et al., 2001). The average [CO2] over the

season was 354 mmolmol�1 in ambient rings and

549 mmolmol�1 in elevated rings. The [CO2] in the

elevated plots were within � 20% of the target for 90%

of time based on 1-min averages.

Meteorological data

An on-site weather station (MetData 1-type, Cambell

Scientific Ltd, Logan, UT, USA) measured air tempera-

ture (Tair) and relative humidity at a height of 3m. A

quantum sensor (Model QSO, Apogee Instruments,

Logan, UT, USA) measured incident photosynthetic

photon flux density (PPFD) at a height of 3m. Data were

averaged and logged at 10-min intervals throughout the

growing season. Tipping bucket rain gauges (Model

52202, R. M. Young Inc., Traverse City, MI, USA) were

distributed throughout the field and recorded rainfall

events in 0.0001m increments throughout the season.

To determine how rainfall in the 2002 growing season

compared with long-term patterns, monthly rainfall data

were obtained from the Illinois State Water Survey

weather station in Urbana (401050N 881140W) for the

period 1889–2002 (http://www.sws.uiuc.edu/data/clima-

tedb/). It is situated 3km north of the SoyFACE site and at

the same altitude. The total summer rainfall for each year

was calculated as the sum of rainfall in June, July and

August. As a measure of the variability in rainfall, the

coefficient of variance (CV) among the three, individual

monthly totals was also calculated for each year.

Gas exchange

The diurnal course of gas exchange of the youngest

fully expanded leaf of Z. mays in each ring was

measured, using an open gas-exchange system incor-

porating open-path IR CO2 and water vapor analyzers,

and a 6 cm2 leaf chamber (LI-6400; LI-COR, Inc.,

Lincoln, NE, USA), on five dates across the growing

season. The five dates chosen corresponded to five

discrete stages of crop vegetative and reproductive

development (Table 1). Crop ontogenetic development

was monitored by recording the vegetative and

Fig. 1 Map of SOYbean Free-Air Concentration Enrichment

(SoyFACE) experimental site in 2002. A 32.4 ha field growing

Glycine max and Zea mays, near Urbana, IL. Experimental

treatments of ambient (control) atmospheric conditions, elevated

[CO2] and elevated [ozone] are imposed within FACE rings. In

2002, corn was planted on the western 16 ha of the field. Leaf gas

exchange was compared for plants growing in plots at ambient

and elevated [CO2].
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reproductive growth stage (defined by Ritchie et al.,

1993) of six individuals per plot every 2 days. Two

systems were used on each measurement date and

calibrated against a standard known concentration of

CO2 in air (21.4% O2/balance N2; CO2 503 mmolmol�1;

S. J. Smith Welding Supply, Decatur, IL, USA) and

against known humidities provided by a water vapor

generator (LI-610, LI-COR, Inc.).

Measurements were at intervals of �2 h from

predawn to postsunset. At each time point, measure-

ments were made in all four experimental blocks.

Within each experimental block, one gas-exchange

system was operated in the ambient [CO2] plot, while

the other simultaneously operated in the elevated [CO2]

plot. Each gas-exchange system alternately operated in

ambient [CO2] and then elevated [CO2] plots while

moving from block to block, during each time point.

Four plants were sampled near to the center of each

plot at each time interval. These procedures ensured

that measurements were not confounded with variation

in microclimate with time and that undetected differ-

ences between gas-exchange systems were not con-

founded with treatments. To avoid pseudoreplication,

statistical comparisons were made using the mean of

the four plants measured in each plot as sample value

for the plot. Sample size was therefore n5 4; represent-

ing the four blocks. Measurements on all individuals

were made at growth [CO2]. PPFD and Tair were

recorded at the top of the canopy prior to starting the

sampling procedure at each time point. Then through-

out that time point the conditions were replicated in

each leaf chamber by the red-blue LED light source and

Peltier heat sinks. The water vapor concentration of air

entering the chamber was not controlled and therefore

tracked ambient conditions. Data were collected once

the CV of infra red gas analyser (IRGA) output was

below 0.7%. Leaf net CO2 assimilation (A), stomatal

conductance (gs) and [CO2] of the intercellular (sub-

stomatal) air space (ci) were calculated using the

equations of von Caemmerer & Farquhar (1981).

Estimates of gs at dawn and dusk were unreliable due

to the formation of dew on leaves and are therefore not

reported. Transpiration, i.e. water vapor efflux per unit

leaf area (E), measured by the gas-exchange system is a

function of chamber humidity, which may differ from

that of the external atmosphere. A better measure of

transpiration was therefore the product of leaf con-

ductance and the leaf vapor pressure deficit, derived

from measured leaf temperature and the external

ambient air humidity. Daily photosynthetic carbon gain

(A0) by the upper canopy leaves was calculated by

fitting a fifth or sixth order polynomial to the diurnal

course of A and integrating under this curve over the

period for which the light-compensation point of

photosynthesis was exceeded.

Statistical analysis

For the overall comparison of A and gs between CO2

treatments over the diurnal period, a mixed model was

fitted to repeated measures in time. Time of day

(measurement period) and CO2 treatment were as-

sessed to be fixed effects, while block was a random

effect. For the overall comparison of A0, ci, ci/ca and E

between treatments over the growing season, a mixed

model was fitted to repeated measures of time. Day of

year (measurement period) and CO2 treatment were

assessed to be fixed effects, while block was a random

effect. In all cases, statistics were performed on plot

means using the MIXED procedure in SAS, with the

Kenwood–Rogers option (SAS Institute, Cary, NC,

USA). The Akaike’s criterion was used to choose the

best model of variance–covariance. Individual tests

used one of the following models: various components

heterogeneous autoregressive; various components

autoregressive; heterogeneous autoregressive; various

components heterogeneous compound symmetry; and

autoregressive. In all cases, pairwise comparisons of

estimated means within measurement periods were

planned a priori, and obtained using the paired

differences of means (PDIFF) option on the least-

squares means (LSMEANS) statement (SAS Institute;

Table 1 Calendar date and day of year (DOY) of experimental measurements with corresponding crop growth stage described as

days after emergence (DAE), ontogenetic developmental stage (defined in Ritchie et al., 1993) and height for Zea mays grown under

ambient (370 mmolmol�1) and elevated [CO2] (550 mmolmol�1) during 2002 at SoyFACE, Urbana, IL

Date DOY DAE

Developmental Stage Height (m)

Ambient Elevated Ambient Elevated

July 11 192 37 9th leaf 9th leaf 0.79 0.83

July 22 203 48 17th leaf 17th leaf 2.06 2.38

August 9 221 66 Milky kernel Milky kernel 2.27 2.50

August 21 233 78 Doughy kernel Doughy kernel 2.27 2.51

September 5 248 93 Dented kernel Dented kernel 2.28 2.51
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Steel et al., 1997). In addition, a posteriori contrasts,

adjusted by Bonferroni, were used to compare A at

10:30 and 12:45 hours on August 9 under both ambient

and elevated [CO2]. The progression of crop ontoge-

netic development over the season was compared

under ambient and elevated [CO2] using a general

linear model (proc GLM; SAS Institute). Preplanned

pairwise comparisons of development between treat-

ments on each measurement date were made using

Tukey’s tests (Po0.05).

Results

Diurnal patterns of A, gs and microclimate

Microclimatic conditions on the dates of gas-exchange

measurements varied within the typical range for

summer months in the Midwest USA with daily peak

values of: PPFD 1900–2175mmolm�2 s�1; Tair 27–33 1C;

and air saturation deficit (D) 1.5–2.5 kPa (Fig. 2). The sky

was predominantly clear on all days except July 11 when

heavy afternoon cloud cover reduced total daily PPFD.

Under both ambient and elevated [CO2], the diurnal

course of A corresponded generally with the variation

in PPFD over each daily period (Figs 2 and 3). At times,

Awas up to 41% greater in leaves grown and measured

under elevated [CO2] compared with ambient [CO2]

(Fig. 3). Early in the season, growth under elevated

[CO2] resulted in continuously greater A for a sig-

nificant fraction of the day (Fig. 3; July 11: F1,35 40.36,

P5 0.008; July 22: F1,35 5.85, P5 0.029). Midseason, on

August 9, there was no overall effect of elevated [CO2]

on A (Fig. 3; F1,35 1.50, P5 0.308). However, there was

a midday depression of A between 10:30 and 12:45

hours. This reduction in A was large and statistically

significant under ambient [CO2] (�25%; df5 9, t5 3.97,

P5 0.016), but not under elevated [CO2] (�9%; df5 9,

t5 1.02, P5 0.334). By the end of the season, there was

Fig. 2 Diel traces of photosynthetic photon flux density (PPFD; mmolm�2 s�1), air temperature (Tair; 1C) and air saturation deficit (D;

kPa � 10) on five dates of gas exchange measurements on Zea mays during 2002 at SoyFACE, Urbana, IL.
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consistently no significant effect of elevated [CO2] on A

(August 21: F1,35 1.11, P5 0.370; September 5: F1,35

3.50, P5 0.158).

The response of gs to elevated [CO2] varied signifi-

cantly with the date. On July 11 there was no significant

effect of elevated [CO2] on stomatal conductance

(Fig. 4; F1,35 1.74, P5 0.279). However, gs was signifi-

cantly lower (�23% on average) under elevated [CO2],

compared with ambient [CO2], on all measurement dates

later in the season (Fig. 4; July 22: F1,35 21.59, P5 0.029;

August 9: F1,35 20.17, P5 0.021; August 21: F1,35 33.11,

P5 0.010; September 5: F1,35 11.61, P5 0.042).

Seasonal patterns of crop ontogenetic development, A0

and rainfall

There was no significant difference in the progression

of either vegetative or reproductive crop ontogenetic

Fig. 3 Diurnal courses of net photosynthetic CO2 assimilation (A; mmolm�2 s�1) of the youngest fully expanded leaf of Zea mays grown

under ambient (370mmolmol�1; � ) and elevated [CO2] (550mmolmol�1; � ) on five dates during 2002 at SoyFACE, Urbana, IL. Each

point is the mean (�SE) of the replicate plots measured at that time (n5 4). Statistically significant differences between treatments

within measurement periods are indicated by asterisks: *Po0.05, **Po0.01, ***Po0.001.
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development under ambient and elevated [CO2] (Fig.

5). Under elevated [CO2], the seasonal average of A0

was significantly greater (10%) than under ambient

[CO2] (Fig. 6; F1,65 21.02, P5 0.004). However, there

was a significant interaction between this treatment

effect and the date (F4,245 3.41, P5 0.024). An early

season enhancement of A0 under elevated [CO2] by 21%

on July 11 and 11% on July 22 corresponded to a period

of low rainfall (Fig. 6). Total rainfall was 0.1 and

21.9mm in the 2 weeks prior to July 11 and 22,

respectively. In contrast, there was no significant

difference between A0 under ambient and elevated

[CO2] after periods of significant rainfall on August 9

(19.4mm) and August 21 (89.5mm). On September 5,

after the onset of leaf senescence, there was also a small

increase in A0 under elevated [CO2].

Seasonal patterns of ci, ci/ca and E

Under elevated [CO2], ci was greater than under

ambient [CO2] (Table 2; F1,45 16.96, P5 0.006). On July

11 low gs and high A resulted in unreliable estimates of

Fig. 4 Diurnal courses of stomatal conductance (gs; molm�2 s�1) of the youngest fully expanded leaf of Zea mays grown under ambient

(370mmolmol�1; � ) and elevated [CO2] (550mmolmol�1; � ) on five dates during 2002 at SoyFACE, Urbana, IL. Each point is the mean

(�SE) of the replicate plots measured at that time (n5 4). Statistically significant differences between treatments within measurement

periods are indicated by asterisks: *Po0.05, **Po0.01, ***Po0.001.
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ci. With this possible exception, ci under elevated [CO2]

was never significantly below 200 mmolmol�1. By

contrast, under ambient [CO2] ci only exceeded

200 mmolmol�1on August 21. However, there were no

significant differences in ci/ca between ambient and

elevated [CO2] (Table 2; F1,45 0.55, P5 0.486). On

average across the season, E was lower under elevated

[CO2] than ambient [CO2] by 18% (Table 2; F1,45 13.43,

P5 0.002).

Rainfall from 1889 to 2001 and rainfall in 2002

Total summer rainfall (June, July and August) at

SoyFACE in 2002 was 321mm (Fig. 7a). This was

almost identical to the 50-year running average of total

summer rainfall at nearby Urbana, IL for 2002. It was

also greater than the average across all available records

for Urbana (285mm; 1889–2002). The 50-year running

average of total summer rainfall increased considerably

from 255mm in 1938 to 312mm in 2002.

Meanwhile, variability in summer rainfall (expressed

as the CV between total rainfall in the summer months)

in 2002 was considerably lower than the 50-year

running average of monthly rainfall at Urbana (Fig.

7b). The variability of summer rainfall also increased

from 1938 to 2002, as the 50-year running average CVof

monthly rainfall increased by 11%.

Discussion

Counter to our prediction, there was a marked and

significant increase in leaf photosynthesis of this field

crop of Z. mays grown under continuous open-air

elevation of [CO2] to the level predicted for 2050. There

was, however, significant variation in the response with

date, from a 21% increase in A0 on July 11 to no increase

on August 9. On average, growth at elevated CO2

resulted in 10% greater A0 across the season. It is

difficult to compare these results to previous studies,

since this is the first to examine Z. mays under open-air

enrichment with normal atmospheric coupling. Further,

Fig. 5 Progression of Zea mays (a) vegetative and (b) repro-

ductive crop ontogenetic development under ambient

(370mmolmol�1; }) and elevated [CO2] (550mmolmol�1; ,)

during 2002 at SoyFACE, Urbana, IL. Each stage of vegetative

development corresponds to the formation of a leaf node

(Ritchie et al., 1993). Each point is the mean (�SE) of the

replicate plots measured at that time (n5 4).

Fig. 6 Diurnal photosynthetic carbon gain (A0; molm�2 day�1)

of the youngest fully expanded leaf of Zea mays grown

under ambient (370 mmolmol�1; � ) and elevated [CO2]

(550 mmolmol�1; � ) on five dates during 2002 at SoyFACE,

Urbana, IL. Each point is the mean (�SE) of the replicate plots

measured at that time (n5 4). Statistically significant differences

between treatments within measurement periods are indicated

by asterisks: *Po0.05, **Po0.01. Total rainfall (mm) at the field

site during the prior 2 weeks is presented for each day of gas

exchange measurements.
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most prior studies have examined light-saturated

photosynthesis at one point in the day and one or two

points in the growth cycle (e.g. Ziska & Bunce, 1997;

LeCain & Morgan, 1998). These results concern the

course of photosynthesis from dawn–dusk and time

points from vegetative growth to late grain filling.

However, it is clear that despite the mesic growing

conditions, even the moderate elevation of [CO2] to

anticipated 2050 levels results in a significant increase

in net CO2 uptake.

The variability of published data on the photosyn-

thetic responses to elevated [CO2] of Z. mays makes

prediction of future crop productivity extremely tenta-

tive. For example, in a comparative chamber study of 10

C4 species, Z. mays showed the smallest enhancement

of A under double-ambient [CO2] (5%; Ziska & Bunce,

1997). In contrast, Kang et al. (2002) reported enhance-

ments of A under double-ambient [CO2] (700 mmol

mol�1) by 15%, 19% and 47% in high, medium and low

water availability treatments, respectively. At the

FACE experiment in the desert conditions at Maricopa,

AZ, A in Sorghum bicolor at midday was stimulated

under elevated [CO2] (550 mmolmol�1) by 23% under

‘limited irrigation’ and 9% under ‘ample irrigation’

(Wall et al., 2001). This is comparable with the

10% enhancement of A0 across the season in the present

experiment.

Improved plant water status is considered to be the

primary basis of greater A under elevated [CO2] in C4

plants (Seneweera et al., 1998; Ghannoum et al., 2000).

However, this response to elevated [CO2] would

seemingly lead to enhanced A only if plants are

water-stressed under ambient [CO2]. The diurnal

courses of gas exchange measured over the growing

season at SoyFACE were consistent with the episodic

occurrence of this scenario. The enhancement of A

under elevated [CO2] was strongest (1 41%) on July 11

after a period of low rainfall. It coincided with the

period of high PPFD, D and Tair between midmorning

Table 2 Intercellular CO2 concentration (ci; mmolmol�1), ratio of intercellular to atmospheric CO2 concentrations (ci/ca) and

transpiration (E; mmolm�2 s�1) of the youngest fully expanded leaf of Zea mays grown under ambient (370 mmolmol�1) and

elevated [CO2] (550 mmolmol�1) at midday on 5 days of the year (DOY) in 2002 at SoyFACE, Urbana, IL

DOY

ci (mmolmol�1) ci/ca E (mmolm�2 s�1)

Ambient Elevated P Ambient Elevated P Ambient Elevated P

192 – – – – – – 3.2 � 0.4 3.4 � 0.4 ns

203 146 � 5 248 � 5 *** 0.40 � 0.06 0.46 � 0.06 ns 5.3 � 0.1 4.8 � 0.1 ***

221 108 � 48 191 � 48 ns 0.29 � 0.06 0.34 � 0.06 ns 3.8 � 0.4 3.4 � 0.4 ns

233 214 � 30 282 � 30 * 0.58 � 0.06 0.52 � 0.06 ns 6.3 � 0.4 4.9 � 0.4 **

248 132 � 15 232 � 15 *** 0.36 � 0.06 0.42 � 0.06 ns 3.4 � 0.1 2.8 � 0.1 ***

Estimates of ci on DOY 192 were unreliable and therefore are not presented.

Fig. 7 (a) A histogram of the total summer rainfall (mm) in

June, July and August; and (b) a histogram of the coefficient of

variation (CV) between the monthly rainfall in June, July and

August each year from 1889 to 2002 at the Urbana weather

station (data from Illinois State Meteorological Service). On each

graph the mean for the total measurement period (dashed line)

and the 50-year running mean (solid line) are compared with the

total rainfall and CV of rainfall measured at SoyFACE, Urbana,

IL for June, July and August 2002 (closed circle).
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and late afternoon (Figs 2 and 3). Leaf curling is an

indicator of leaf water stress in maize. Leaf curling was

frequently observed to coincide with periods of high

evaporative demand in plants grown at ambient [CO2],

but not those grown at elevated [CO2]. After 21.9mm of

rainfall, rates of A under elevated [CO2] on July 22 were

still high. However, the enhancement effect of elevated

[CO2] had declined, as rates of A under ambient [CO2]

recovered. On August 9, after further rainfall, the [CO2]

effect was only weakly evident during a midday

depression of A in ambient grown plants. On August

21 and September 5, after high rainfall, A was not

significantly greater under elevated [CO2], at any time

of day. At this time no leaf curling occurred. The

progressive increase in A observed under ambient

[CO2], relative to elevated [CO2], is consistent with a

recovery from inhibition due to drought stress as water

availability increased.

Low soil water availability and high evaporative

demand can both generate water stress and inhibit A in

C4 plants (Passioura, 1988; Grantz, 1990; Samarakoon &

Gifford, 1995; Salah & Tardieu, 1997; Seneweera et al.,

1998). The lower gs and E observed here under elevated

[CO2] have previously been demonstrated to: (a) reduce

soil water extraction, delaying onset or reducing

intensity of drought during low rainfall (Owensby

et al., 1997; Ghannoum et al., 2000); and (b) reduce shoot

water stress during periods of high evaporative

demand (Salah & Tardieu, 1997; Ghannoum et al.,

2000). In the present study these mechanisms may have

counteracted the development of water stress under

elevated [CO2] and prevented the inhibition of A

observed under ambient [CO2].

C4 grasses in controlled-environment studies have

displayed acclimation to elevated [CO2] through lower

carboxylation efficiency and C4-cycle enzyme activities

(Maroco et al. 1999; Watling et al., 2000). Data were not

collected to specifically investigate this phenomenon in

the present study. However, the CO2 effect on A was

variable over the season, despite consistently greater ci
at elevated [CO2]. If acclimation did occur it was

insufficient to prevent a significant stimulation of A0

across the season.

Mean canopy temperatures at midday on the days of

gas-exchange measurements were, on average, �1 1C

greater in the elevated [CO2] treatment, most likely as a

result of lower gs (Bernacchi et al. unpublished data).

However, Crafts-Brandner & Salvucci (2002) suggests

that leaf temperatures were within the range, close to

the temperature optimum of photosynthesis in maize,

where the effect upon A would have been negligible.

Was the greater A under elevated [CO2] in 2002 a

result of atypical water stress conditions? In order to

address this question, rainfall patterns at SoyFACE in

2002 were compared with the meteorological record

(1889–2002) of nearby Urbana. Total rainfall during the

summer growing season (June–August) in 2002

(321mm) was slightly greater than the 50-year running

average (311mm). This, together with a substantially

lower than average variation in rainfall between

months (CV5 0.12 in 2002 vs. a mean CV5 0.17

between 1951 and 2001), suggests that the crop did

not experience atypical water stress during 2002.

Nonetheless, and contrary to expectations, this US

Corn Belt summer climate appeared to cause sufficient

water stress under ambient [CO2] to allow the

ameliorating effects of elevated [CO2] to significantly

enhance A.

Current models predict only small changes in the

total precipitation of central North America over this

century, with the greater probability of increases than

decreases by 2100 (Georgi et al., 2001). However,

variation in monthly precipitation and the occurrence

of droughts are both projected to increase significantly

in central North America (Gregory et al., 1997; Beersma

& Buishand, 1999). If so, future crops will experience

more significant water stress than in 2002, alongside

elevated [CO2]. The typical magnitude of photosyn-

thetic enhancement in Z. mays under elevated [CO2]

may, therefore, be greater than the average of 10%

observed during 2002. The enhancement of A0 by 21%

on July 11, 2002 serves as an upper limit for potential

enhancement at this time. This response of Z. mays to

elevated [CO2] indicates the potential for greater future

crop biomass and harvestable yield across the US Corn

Belt.
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